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ABSTRACT
We include an energy term based on dark matter (DM) self-annihilation during the cooling
and subsequent collapse of the metal-free gas, in haloes hosting the formation of the first stars
in the Universe. We find that the feedback induced on the chemistry of the cloud does modify
the properties of the gas throughout the collapse. However, the modifications are not dramatic,
and the typical Jeans mass within the halo is conserved throughout the collapse, for all the
DM parameters we have considered. This result implies that the presence of DM annihilations
does not substantially modify the initial mass function of the first stars, with respect to the
standard case in which such additional energy term is not taken into account. We find also that
when the rate of energy produced by the DM annihilations and absorbed by the gas equals
the chemical cooling (at densities yet far from the actual formation of a protostellar core) the
structure does not halt its collapse, although that proceeds more slowly by a factor smaller
than few per cent of the total collapse time.
Key words: stars: formation – stars: Population III – dark ages, reionization, first stars –
dark matter.
1 IN T RO D U C T I O N
In the currently favoured Lambda cold dark matter (CDM) cos-
mological model, the bulk of the matter component is believed to
be made of (so far) electromagnetically undetected particles, com-
monly dubbed dark matter (DM). Although the evidence for the
existence of DM is compelling on different scales, yet its nature
is unknown, and many particle models beyond the standard one
have been proposed in the literature as DM candidates. We address
the reader to a recent review of observational evidence and particle
candidates for DM (e.g. Bertone, Hooper & Silk 2005), and will
concentrate in this paper on a particular class of candidates, i.e.
weakly interacting massive particles (WIMPs). Many WIMP DM
models are stable (under the conservation of the suitable symmetry,
for each model) and hence do never decay into standard model par-
ticles. However, in many of these very same models the WIMPs are
Majorana particles, thus carrying the remarkable property of being
self-annihilating; the value of the self-annihilation cross-section,
arising naturally in many WIMP models, reproduces the DM relic
abundance required by the CDM cosmology, if the mass scale of
E-mail: ripamonti.e@gmail.com
WIMPs is within the GeV/TeV scale and they are to be thermally
produced in the early Universe. We adopt this as a benchmark sce-
nario for our paper, and will often refer to it as a ‘Vanilla WIMP’.
The actual DM distribution in the local Universe is such that
even in the densest regions (e.g. galactic nuclei and black hole sur-
roundings) from which the annihilation signal could be in principle
detected, the energy released by WIMP DM annihilations (here-
after DMAs) is only a negligible fraction of the one associated with
standard gas processes. This implies that, locally, DM affects the
host system almost uniquely through its gravitational effects, per-
haps with the only possible exception of peculiar locations, such
as the central parsec of the Milky Way (Fairbairn, Scott & Edsjo
2008; Scott, Edsjo & Fairbairn 2009; Casanellas & Lopes 2009).
The effects of annihilating (or decaying, a scenario we do not con-
sider here) DM upon the evolution of the intergalactic medium
(IGM) at high redshift have been thoroughly studied (e.g. Chen
& Kamionkowski 2004; Mapelli & Ferrara 2005; Padmanabhan
& Finkbeiner 2005; Furlanetto, Oh & Pierpaoli 2006; Mapelli,
Ferrara & Pierpaoli 2006; Zhang et al. 2006; Ripamonti, Mapelli
& Ferrara 2007a; Shchekinov & Vasiliev 2007; Valdés et al.
2007), and are now believed to be small, except perhaps in
the case of an extremely high clumping factor (Chuzhoy 2008;
Myers & Nusser 2008; Natarajan & Schwarz 2008; Lattanzi & Silk
C© 2010 The Authors. Journal compilation C© 2010 RAS
 at Scuola N
orm








2606 E. Ripamonti et al.
2009), if one takes into consideration a standard, Vanilla WIMP
scenario.
The effects of DMAs upon primordial star formation might be
more significant. As the IGM could be heated by the energy deposi-
tion from DMAs, its temperature might in principle exceed the virial
temperature of the smallest haloes with the result of quenching gas
accretion on to them. This effect has been shown to be unimpor-
tant by Ripamonti, Mapelli & Ferrara (2007b, hereafter RMF07).
However, DMAs are expected to become more important as the
collapse proceeds to protostellar scales (Ascasibar 2007). Spolyar,
Freese & Gondolo (2008, hereafter SFG08) found that during the
protostellar collapse of the first (Population III) stars, the energy
released by DMAs and absorbed by the gas could compensate (or
even overcome) the radiative cooling of the gas. The increasing
importance of such process arises from the combined enhancement
during the collapse of DM density (due to gravitational dragging)
and gas optical depth, implying a higher annihilation luminosity and
absorption by the gas. The final phases of the collapse, after the for-
mation of a hydrostatic core for gas central densities nc ≡ ρc/mp >
1018 cm−3 (where ρc is the central baryonic density, and mp is the
proton mass), have been investigated by Iocco et al. (2008, hereafter
I08), Freese et al. (2008b, 2009) and Spolyar et al. (2009). Initially,
the DM pile-up is purely driven by gravitational interactions, but as
the protostar approaches the zero-age main sequence, DM accre-
tion becomes dominated by the capture of WIMPs located in the
star host halo after they scatter stellar baryons. As a consequence
of the peculiar formation process of Population III, following the
smooth collapse of the gas cloud at the very centre of the DM haloes
hosting them, Iocco (2008) and Freese, Spolyar & Aguirre (2008a)
suggested that DM capture is relevant for primordial stars; however,
it can be safely neglected once local star formation is concerned,
as the latter takes place anywhere in galactic discs, and it does not
follow from a single, centred gas collapse episode. Further stud-
ies (I08; Taoso et al. 2008; Yoon, Iocco & Akiyama 2008) have
concluded that WIMP DM capture’s most remarkable effect is the
possible increase of the stellar lifetime.
Quite surprisingly, the early phases of the collapse have received
so far less attention with respect to the more advanced ones, i.e.
after hydrostatic core formation. For example, it is still unclear if
the energy injection following annihilations results in a net heating
or cooling of the gas. In fact, high-energy photons and electrons
heat the gas through ionizations; however, this heat input could be
overwhelmed by the increased production of cooling species (as for
example molecular hydrogen) stimulated by the larger abundances
of free electrons, thus resulting in a net gas cooling. This, among
others, is one of the aspects of the collapse of first stars in presence
of WIMP annihilation that we would like to address here. We plan
to do so by a set of sophisticated numerical simulations including
all the relevant chemical reactions and cooling processes. A first
attempt to model the effects of DMA energy input was presented in
Ripamonti et al. (2009); this paper represents a substantial extension
and improvement of that study.
Throughout the paper we assume the following set of cosmolog-
ical parameters:  = 0.76, m = 0.24, b = 0.042, DM = m −
b ≡ WIMP = 0.198 and h = 0.73.
2 ME T H O D A N D C O D E
We base our investigation on a 1D spherically symmetric code
described by Ripamonti et al. (2002, hereafter R02). The original
code, which includes the treatment of gravitation, hydrodynamics
and especially the chemistry and cooling of primordial gas, was
originally conceived for the study of the last phases of the collapse
of a primordial protostar (see also Omukai & Nishi 1998); later,
it was extended in several ways (see Ripamonti 2007; Ripamonti
et al. 2007a; RMF07).
Our simulations are based on those described in RMF07; here
we list their most important properties, especially when they differ
from RMF07.
(i) A single typical halo with mass 106 M virializing at z = 20
(virial radius Rvir  5 × 1020 cm) is considered; the baryon fraction
inside such halo is assumed to be equal to the cosmological value
(b/DM  0.175).
(ii) The simulations are started at z = 1000 and involve a comov-
ing volume 1000 times larger than that of simulated halo; initial
baryonic density and temperature are constant in all the simulation
shells, and equal to the cosmological values.
(iii) Before virialization, the gravitational effects of DM are
treated as in the NFW case of RMF07: a pre-determined (but time-
dependent until virialization) DM potential is added to the gas self-
gravity. Such potential mimics the evolution of a halo in the top-hat
approximation: as the DM potential becomes steeper, the (initially
uniform) gas falls towards the centre of the halo, similarly to what
is predicted by theory and consistent with the results of simulations
(see e.g. fig. 2 of Abel, Bryan & Norman 2002).
(iv) After virialization, the evolution of the previously described
artificial DM potential is stopped: its state at virialization is set to
a NFW profile (Navarro, Frenk & White 1996) with c = 10 and
R200 = Rvir; this is reasonably close to the results shown in fig. 2 of
Abel et al. (2002). The evolution of the DM profile is also followed
in response to the baryon contraction (see later) in order to compute
the DMA rate.1
(v) RMF07 investigated whether stellar formation might occur
in a halo, whereas here we investigate how it starts; for this rea-
son, simulations are stopped only when their computational costs
become very large (usually at number densities nc ≈ 1014 cm−3).
(vi) The DM energy input is computed only after halo virial-
ization, and only in regions with high baryon density (ρ ≥ 4 ×
10−22 g cm−3, i.e. n ≡ ρ/mp  250 cm−3), rather than at all times
and everywhere: this is because RMF07 already showed that before
virialization and at low baryon densities the effects of DMAs are
small.
(vii) For the purpose of evaluating the DMA rate (see below),
the DM density ρDM(r) is evaluated by assuming the conservation
of the so-called ‘adiabatic’ invariant (see Blumenthal et al. 1986).
We implement the algorithm described by Gnedin et al. (2004),
following the details in I08, and using the NFW and gas profiles
described above as initial conditions.2
(viii) The specific luminosity due to DMAs is
lDM = c2〈σv〉 ρ2DM/(mDM), (1)
where 〈σv〉 is the thermally averaged annihilation rate, and mDM
is the WIMP mass; in the following we adopt 〈σv〉 = 3 ×
10−26 cm3 s−1, whereas we consider mDM as a free parameter in
1We do not account for the gravitational effects of the adiabatically con-
tracted DM profile because adiabatic contraction (AC) is effective only
when the baryonic potential largely dominates over the DM.
2It is to be noted that the DM profile in (gravitationally) baryon-dominated
regions is eventually dictated by the amount of gas accumulated after the
contraction, see e.g. fig 1 in SFG08. Our conclusions, especially regarding
the final phases of the collapse, are hence almost insensitive to the initial
DM profile.
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the range 1.78 × 10−24 ≤ mDM ≤ 1.78 × 10−21 g (i.e. 1 GeV ≤ mDM
c2 ≤ 1 TeV).
(ix) The energy ε that each baryon actually absorbs from DMAs
(per unit time) is calculated through a detailed radiative transfer cal-
culation, formally identical to the one performed for grey continuum
radiation. Such calculation is based on a constant gas opacity κ =
0.01 cm2 g−1 (roughly similar to the values used by SFG08). More-
over, since it is believed that the energy from annihilations splits
roughly equally into electrons, photons and neutrinos, we assume
that only 2/3 of lDM (i.e. the fraction not going into neutrinos) can
be absorbed.
(x) Similar to RMF07, ε can go into ionization, heating and
excitation of atoms and molecules; we employ the results of Valdès
& Ferrara (2008) (see also Shull & van Steenberg 1985; Furlanetto
& Johnson Stoever 2010) to estimate how to split the energy input
into these three. Also note that the ‘ionization’ component is split
into ionization of H, D, He and He+, and dissociation of H2, HD
and H+2 . In our ‘standard’ treatment each species receives a fraction
of the ionization energy which is proportional to its total baryonic
content (in number, see RMF07 for details).
(xi) R02 switched to equilibrium chemistry (e.g. allowing the
use of Saha equations instead of the detailed balance ones) for
shells with number densities n ≥ 1013.5 cm−3. Here we drop this
simplification since (i) DMA effects change the chemical evolution
of the gas, and usually delay the approach to equilibrium3 and (ii)
we never venture to densities n > 1015 cm−3.
Given the standing ignorance on the precise detail of feedback
effects on the ionization and dissociation of atoms and molecules
(especially H2), in addition to the standard, fiducial set of runs
we performed runs with either enhanced or reduced feedback, in
order to bracket the possible impact of such process. In the same
way, since the opacity κ we employ represents only a very rough
estimate, we performed runs with either higher or lower values
of κ .
3 R ESULTS
We test the effects of DMAs varying different sets of parameters:
(i) the normalization of the DMA rate, which is regulated by the
ratio 〈σv〉/mDM; (ii) the feedback strength on chemistry and (iii) the
‘grey’ gas opacity κ . We anticipate that the strength of feedback on
chemistry has little impact on the overall results, and that the effects
of a variation in κ are somewhat similar to a variation of the same
amount in 〈σv〉/mDM. We will discuss the dependence on these two
latter parameters in Section 3.3.
Here we start by introducing in more details the physics of first
star formation in presence of DMAs for our fiducial models (‘M’
labelled runs, see Table 1 for details). It is worth anticipating that
the effects of DM become more relevant (and they become effi-
cient earlier during the collapse) for higher self-annihilation cross-
sections/lower DM masses (see equation 1). In what follows, we
always adopt 〈σv〉 = 3 × 10−26 cm3 s−1, and vary the particle mass
mDM. Given the degeneracy in the DMA energy-injection term, the
results can be interpreted at fixed mass and correspondingly varying
the self-annihilation rate.
3Even in the few cases where it is possible to switch to the equilibrium
chemistry (e.g. the ‘control’ run where we do not consider DMAs) we
prefer to keep integrating the non-equilibrium equations in order to get
results which are completely consistent with those from the other runs.
Table 1. Properties of the runs.
Name mDMc2 (GeV) H2 fbk Notes
M1000 1000 std. Minimal
M100 100 std. Fiducial
M10 10 std. Submaximal









L100 100 std. κ = 0.001 cm2 g−1
L10 10 std. κ = 0.001 cm2 g−1
L1 1 std. κ = 0.001 cm2 g−1
H1000 1000 std. κ = 0.1 cm2 g−1
H100 100 std. κ = 0.1 cm2 g−1
H10 10 std. κ = 0.1 cm2 g−1
NODM – – Control
Note. The first letter of the name of a run indicates the set to which it belongs;
‘M’ refers to the main set, ‘N’ to the set without DMA feedback upon H2
formation, ‘E’ to the set with enhanced DMA feedback upon H2 formation,
‘L’ to the set with low opacity and ‘H’ to the set with high opacity. The grey
opacity is set to κ = 0.01 cm2 g−1 for all of the runs presented in this table,
except for runs in the ‘L’ and ‘H’ sets. The NODM run assumes no energy
input from DMAs.
Figure 1. Evolution of the temperature Tc of the central shell of our simu-
lation (whose mass is 2 × 10−4 M) as a function of its baryon number
density nc, starting slightly before virialization. The thick solid line shows
the evolution in the control run with no DM energy input (NODM). The
thin solid line corresponds to the fiducial model (run M100); the dashed line
to the maximal model (M1); the dot–dashed line to the submaximal model
(M10) and the thin dotted line to the minimal model (M1000).
Fig. 1 shows the evolution of the temperature Tc of the inner-
most shell as a function of the density of the same central shell of
the simulated objects (nc), for the five most representative models,
M100, M10, M1, M1000 and NODM (see Table 1).
As expected, DMA effects, which can be quantified by the de-
viations from the thick solid line, are most prominent in runs with
low-mass particles mDMc2 = 1 GeV (M1 run, corresponding to the
maximal DMA energy-injection rate), and become very limited in
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